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In contrast to the comprehensive understanding of novel ferroelectric [i.e., relaxor ferroelectric (RFE) and
antiferroelectric] behavior in ceramics, RFE and double-hysteresis-loop (DHL) behavior in crystalline
ferroelectric polymers have only been studied in the past ﬁfteen years. A number of applications such as
electrostriction, electric energy storage, and electrocaloric cooling have been realized by utilizing these
novel ferroelectric properties. Nonetheless, fundamental understanding behind these novel ferroelectric
behaviors is still missing for polymers. In this feature article, we intend to unravel the basic physics via
systematic studies of poly(vinylidene ﬂuoride-co-triﬂuoroethylene) [P(VDF-TrFE)]-based terpolymers,
electron-beam (e-beam) irradiated P(VDF-TrFE) copolymers, and PVDF graft copolymers. It is found that
both the crystal internal structure and the crystaleamorphous interaction are important for achieving
the RFE and DHL behaviors. For the crystal internal structure effect, dipole switching with reduced
friction and nanodomain formation by pinning the polymer chains are essential, and they can be ach-
ieved through crystal repeating-unit isomorphism (i.e., defect modiﬁcation). Physical pinning [e.g., in
P(VDF-TrFE)-based terpolymers] induces a reversible, electric ﬁeld-induced RFE4FE phase transition
and thus the DHL behavior, whereas chemical pinning [e.g., in e-beam irradiated P(VDF-TrFE)] results in
the RFE behavior. Finally, the crystaleamorphous interaction (or the nanoconﬁnement effect) results in
a competition between the polarization and depolarization local ﬁelds. When the depolarization ﬁeld
becomes stronger than the polarization ﬁeld, a DHL behavior is observed. Obviously, the physics for
ferroelectric polymers is different from that for ceramics/liquid crystals and can be largely attributed to
the long-chain nature of semicrystalline polymers. This understanding will help us to design new fer-
roelectric polymers with improved properties and/or better applications.
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Novel ferroelectric polymers with different nonlinear
dielectric properties
Different from ceramic ferroelectrics, ferroelectric (FE) polymers
represent a unique class of functional insulating materials due to
their long-chain rather than ionic-crystal nature. The advantages of
easy processing and low cost have made them attractive for a variety
of practical applications. By deﬁnition, ferroelectricity refers to both
structure and property aspects. Structure-wise, ferroelectric mate-
rials must possess polar structures with spontaneous polarization.
Property-wise, ferroelectric materials exhibit broad hysteresis loops121@case.edu (L. Zhu).
Y-NC-ND license.due to the existence of large spontaneous polarization (Fig. 1A and
E). Here, D, the electric displacement, is the total charge density
induced by applying an electric ﬁeld (E) on a dielectric material,
and is deﬁned as D ¼ εE. In this equation, ε is the permittivity and is
deﬁned as ε ¼ εrε0, where εr is the relative permittivity (or dielectric
constant) and ε0 is the permittivity of the vacuum. For linear di-
electrics, the εr is a constant. For nonlinear dielectrics, the εr is
a function of the electric ﬁeld. Generally speaking, the electrical
relationship between D and E is similar to the mechanical relation-
ship between strain and stress, respectively. It is this normal fer-
roelectricity that makes ferroelectric polymers attractive for many
applications such as nonvolatile memory [1e6] and transducers in
sensors and actuators [7e12]. In the other extreme case, when no
ferroelectric domains exist [e.g., in nonpolar polyethylene/poly-
propylene or when dipoles cancel each other out, as in even-
Fig. 1. Schematic hysteresis loops for (A) normal ferroelectric, (B) paraelectric or dipolar glass or relaxor ferroelectric, (C) antiferroelectric, and (D) dielectric materials. From (D) to
(A) the dielectric nonlinearity gradually increases. The bottom panel illustrates the ferroelectric domain structures of (E) normal ferroelectric, (F) relaxor ferroelectric, (G) dipolar
glass, and (H) dielectric polymers. From (H) to (E) the domain size gradually increases.
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(i.e., D is a linear function as E; see Fig. 1D and H) [13]. The origin of
the dielectric behavior lies in a simple fact that only electronic and
atomic polarizations, rather than dipolar orientational, ionic, and
interfacial polarizations, work in the dielectric materials. In between
these two extreme cases, paraelectricity refers to the ability of polar
materials with permanent dipoles to become polarized under an
electric ﬁeld, but upon removal of the applied ﬁeld the polarization
quickly returns to zero (the loop is similar to Fig. 1B) [13,14]. From
a structure point of view, paraelectric (PE) polymers should contain
permanent dipoles but without any ferroelectric domains at zero
electric ﬁeld (similar to the case of dielectrics in Fig. 1H).
Recently, novel ferroelectric behaviors have emerged for ferro-
electric polymers and have become increasingly attractive for new
applications such as electrostriction [9,15e26], electric energy stor-
age [13,27e40], and electrocaloric cooling [41e53]. These include
narrow single (Fig.1B) and double (Fig.1C) hysteresis loop behaviors.
For ceramics, these ferroelectric behaviors are not new and have
been relatively well-understood. For example, it is known that
decreasing the ferroelectric domain size to accommodate a few di-
poles [i.e., nanodomains in relaxor ferroelectrics (RFE)] or just one
dipole (i.e., dipolar glasses) will signiﬁcantly mitigate the coopera-
tive coupling among ferroelectric domains, resulting in a reduction
of the spontaneous polarization and thus narrow single hysteresis
loops [54,55]. For antiferroelectric (AFE) ceramics, double-hystere-
sis-loops (DHLs) are observed due to reversible AFE4FE transitions
as the applied electric ﬁeld reverses direction [56]. Nonetheless,
these novel RFE and AFE ferroelectric behaviors are still rare (e.g., the
RFE phase) or nonexistent (e.g., the AFE phase) in crystalline poly-
mers. This can be attributed to the long-chain nature of ferroelectric
crystalline polymers. For example, nanodomain formation in close-
packed long-chain polymer crystals is more difﬁcult to achieve
than that in compositionally disordered perovskite (ABO3) crystals
composed of different ions on crystallographically equivalent sites,
because ferroelectricity is achieved by 180-ﬂipping of permanent
dipoles in the main-chain of ferroelectric polymers whereas fer-
roelectricity can be easily achieved by displacement of the center ion
towards eight corners of the tetragonal crystal structure of ceramic
ferroelectrics. As a result, the RFE behavior has only been reportedfor electron-beam (e-beam) or g-ray irradiated poly(vinylidene
ﬂuoride-co-triﬂuoroethylene) [P(VDF-TrFE)] [16,17,22,25,26,57] and
P(VDF-TrFE)-based terpolymers [21,22,25,58e64]. The long-chain
nature of polymer crystals also makes the occurrence of the
AFE/FE transition difﬁcult, if not impossible. For example, in even-
numbered nylons the hydrogen-bonded amide dipoles are arranged
in an AFE-like structure with an alternating up and down dipolar
conﬁguration in a long chain due to the zig-zag conformation of the
alkane spacers [65,66]. It is impossible for every other hydrogen-
bonded amide dipole to ﬂip 180 and form a polar arrangement in
a close-packed crystal. Therefore, it is important to understand the
fundamental physics behind these novel ferroelectric behaviors for
semicrystalline polymers.
Fundamentally, most ferroelectric polymers are semicrystalline
(note that we will not focus on ferroelectric liquid crystalline poly-
mers in this feature article). For example, typical crystallinity for
PVDF and its copolymers with chlorotriﬂuoroethylene (CTFE) and
hexaﬂuoropropylene (HFP) are below 50 wt.% primarily because of
structural defects such as head-to-head/tail-to-tail (HHTT) sequence
(usually 3e6 mol% by conventional radical polymerization) and/or
comonomers in the main chain [67]. For P(VDF-TrFE) and poly(VDF-
co-tetraﬂuoroethylene) [P(VDF-TFE)] random copolymers, repeat-
ing-unit isomorphism [65,68] takes place, because TrFE and TFE are
similar in both chemical structure and size as VDF. Consequently, the
crystallinity signiﬁcantly increases to >80 wt.%. Sometimes, when
annealed in the PE phase, the crystallinity of P(VDF-TrFE) can reach
nearly 100 wt.% [69e71]. For these semicrystalline polymers, it is
understandable that their ferroelectric properties are intimately
dependent upon both the internal crystal structure and the crystale
amorphous interaction (or the nanoconﬁnement effect [72,73]).
Generally speaking, the crystalline structure is a major factor that
affects the ferroelectric behavior of polymers, whereas the nano-
conﬁnement effect is a less important factor.
2. Effect of crystal isomorphism on novel ferroelectric
behaviors of P(VDF-TrFE)-based copolymers
Before discussing ferroelectric behavior in P(VDF-TrFE)-based
random copolymers, it is necessary for us to understand the
L. Yang et al. / Polymer 54 (2013) 1709e1728 1711normal ferroelectric behavior in terms of close-packing (or the area
packing density in the ab-plane; note that the molecular chain di-
rection is along the c-axis) in PVDF crystals. For a b PVDF crystal, the
average area packing density in the ab-plane is 82.6%, signiﬁcantly
higher than that (70%) for a nonpolar polyethylene crystal. As a zig-
zag PVDF stem (contains perpendicular dipoles) inside a ferro-
electric domain ﬂips (at every rotation step of ca. 60 [74,75]) in
response to an alternating ﬁeld, it must experience signiﬁcant
intermolecular friction from its neighbors.We consider that it is the
strong intermolecular friction and large spontaneous polarization
that prevent the easy rotation of PVDF chains inside the close-
packed crystal. To achieve easy rotation of zig-zag PVDF chains, it
is highly desirable to reduce intermolecular friction (by expanding
the interchain distance) and to decrease spontaneous polarization
(by reducing the ferroelectric domain size).
2.1. PE behavior in P(VDF-TrFE) random copolymers
As mentioned above, P(VDF-TrFE) random copolymers demon-
strate type-2 repeating-unit isomorphism [7], because the two
homopolymers have different crystal structures (PVDF has four
orthorhombic crystal structures (see Fig. 4 in Ref. [13]) and PTrFE
has a hexagonal crystal structure [76]). Consequently, both the
interchain distance and overall crystallinity increase as compared
with the homopolymers. For example, the (110/200) d-spacing
(d110/200) is 4.42 A for the low temperature FE phase in a P(VDF-
TrFE) 50/50 (mol/mol) random copolymer, and it is larger than
the d110/200 of 4.26 A for the b PVDF crystal. However, the average
area packing density in the ab-plane for the low temperature FE
phase is 78.0%, not much lower than that (82.6%) for PVDF. There-
fore, normal ferroelectric behavior with a broad hysteresis loop is
still observed for the low temperature FE phase, although switching
of zig-zag P(VDF-TrFE) chains becomes easier. The d110/200 for the
high-temperature PE phase of P(VDF-TrFE) 50/50 increases to
4.86 A, and the average area packing density in the ab-plane de-
creases to ca. 70%, signiﬁcantly lower than those for both b PVDF
and low temperature FE P(VDF-TrFE) crystals. As a result, the dipole
and chain ﬂipping become much easier for the high-temperature
PE phase of P(VDF-TrFE). This is exactly observed in a DeE loop
study in a recent report (see Fig. 2) [77]. At 100 C [above the Curie
temperature (TC) at 64 C], narrow single loops with minimum
hysteresis are observed for the high-temperature PE phase at
a poling frequency of 1000 Hz (Fig. 2D). This is drastically different
from the open loops observed for the low temperature FE phase at
a poling frequency of 1000 Hz at 25 C (Fig. 2A).
Moreover, the ferroelectric behavior of the high-temperature PE
phase is dependent upon poling frequency (as is the low temper-
ature FE phase). The hysteresis loops gradually open up as the
poling frequency decreases from1000 Hz to 1 Hz (Fig. 2DeF). This is
somewhat inconsistent with the deﬁnition of the PE phase; how-
ever, it can be explained by the schematic illustration in Fig. 2G.
Below the TC, large ferroelectric domains having a large sponta-
neous polarization exist in the sample (Fig. 2G a). Above the TC,
these ferroelectric domains completely disappear with randomly
mixed TG (T is trans and G is gauche) and TTTG conformations in
P(VDF-TrFE) chains (Fig. 2G b). However, applying a high enough
electric ﬁeld will induce both nucleation and growth of ferroelectric
domains (Fig. 2G cee). This is conﬁrmed by the ﬁeld-dependent
Fourier transform infrared (FTIR) results in Fig. 2H. Below the TC,
the long T sequence in the FE phase is evidenced by the absorption
peak at 507 cm1. Above the TC, the mixed TG and TTTG con-
formation in the PE phase is evidenced by a broadband at 514 cm1.
Upon application of an electric ﬁeld of 50 MV/m, a shoulder starts
to appear at 507 cm1, suggesting the nucleation and growth of
ferroelectric domains with a long T sequence in the chain. Onfurther increasing the electric ﬁeld to 125 MV/m, the 507 and
514 cm1 bands merge into one centered at 510 cm1. As shown in
Fig. 2G, the high-frequency poling induces nucleation of nanosized
ferroelectric domains (nanodomains) within the weakly interactive
paraelectric matrix (Fig. 2G e). Consequently, narrow single hys-
teresis loops with minimal spontaneous (or remanent) polarization
are achieved. Upon decreasing the poling frequency to 1 Hz,
nanodomains grow into relatively large ones (Fig. 2G d and c), and
thus open ferroelectric loops with relatively large spontaneous (or
remanent) polarization are observed.
Frequency-dependent dipole switching is also reﬂected in the
broadband dielectric spectroscopy (BDS) results for a uniaxially
stretched P(VDF-TrFE) 50/50 ﬁlm during the ﬁrst and second heating
cycles under different frequencies (Fig. 3). During the ﬁrst heating
cycle (Fig. 3A and B), the glass transition temperature (Tg) is observed
around 20 C at 1 Hz and it increases with increasing poling fre-
quency. Meanwhile, a broad Curie transition is observed for 1 Hz,
starting around 35 C and showing a relatively sharp peak at 80 C.
This result corresponds well with the differential scanning calo-
rimetry (DSC) result in Fig. 3H, where two Curie transitions are seen
at 50 and 80 C, respectively. After heating to 100 C and cooling back
to 50 C, the history of mechanical stretching on the Curie transi-
tion is removed. Subsequent BDS results during the second heating
cycle are shown in Fig. 3C and D. In addition to the frequency-
dependent glass transition peak, a relatively sharp Curie transition
peak is observed at 65 C for 1 Hz and it gradually broadens and
shifts to higher temperatures upon increasing the poling frequency.
Comparing the BDS results during the ﬁrst and second heating cy-
cles, we infer that the TC must be domain size dependent. On one
hand, uniaxial stretching enhances the crystal orientation with
enlarged domain size in some P(VDF-TrFE) crystallites, because
a higher TC is observed at 80 C relative to 64 C seen during the
second heating (see Fig. 3H). On the other hand, some crystallites are
torn apartwith a decreased domain size, and thus the TC decreases to
50 C correspondingly. A similar domain size dependence for TC has
also been reported in the literature [67,71,78]. Namely, large domains
resulted in a higher TC and small domains resulted in a lower TC. The
activation energies (Ea) for both amorphous (from the glass transi-
tion in Fig. 3D) and crystalline (from the Curie transition in Fig. 3C)
dipole relaxations can be obtained from Arrhenius plots of log(peak
frequency) versus 1/T (see Fig. 3E). From the linear regionswhere the
Arrhenius equation applies, the activation energies for the amor-
phous and crystalline dipoles are found to be 0.57 and 7.4 eV,
respectively. Obviously, it is muchmore difﬁcult to switch crystalline
dipoles than amorphous ones for semicrystalline ferroelectric poly-
mers. The nonlinear part for the amorphous dipoles in Fig. 3E can be
explained by the reduced mobility near Tg (i.e., the WLF equation
applies instead), whereas the high-frequency nonlinearity for the
crystalline dipoles may be attributed to the fact that crystalline di-
poles cannot follow the electric ﬁeld at such high frequencies.
From Fig. 3AeD, upturns in both εr 0 and εr 00 are observed at
high temperatures (>80 C) and low frequencies. These εr 0 and εr 00
upturns can be explained by enhanced loss from impurity ions in
the sample (i.e., from suspension polymerization) as temperature
and poling time increase, since the slope in the double-log plot of
the εr 00 at low frequencies is nearly 1 [79]. In a recent report, we
demonstrate that a parts-per-million (ppm) or even sub-ppm level
of impurity ions in PVDF can cause signiﬁcant increases in both
εr
0 and εr 00 [80]. Evidence of impurity ion relaxation is demon-
strated in εr 0 and εr 00 as a function of frequency at different tem-
peratures (see Fig. 3F and G). At low temperatures, there is no
upturn in εr 0 and only a weak peak in εr 00 at low frequencies. On
increasing temperature, theweak peak in εr 00 gradually increases its
intensity and shifts to higher frequencies. Finally, above 75 C the
low-frequency loss in εr 00 becomes so large that an increase in εr 0 is
Fig. 2. Bipolar hysteresis DeE loops for a uniaxially stretched P(VDF-TrFE) 50/50 ﬁlm (draw ratio ¼ 300%) in the PE and FE phases at 100 and 25 C, respectively: (A and D) 1000 Hz,
(B and E) 10 Hz, and (C and F) 1 Hz. The poling ﬁeld (a sinusoidal waveform) starts at 25 MV/m and increases at increments of 25 MV/m. (G) Schematic illustration of the
ferroelectric-to-paraelectric Curie phase transition and electric ﬁeld-induced ferroelectric domain nucleation/growth and corresponding ferroelectric behaviors in the paraelectric
phase. Dark blue arrows represent large dipoles in the zig-zag stems in the ferroelectric crystal (light blue rectangle) or domains (light blue ovals). Orange double arrows represent
weak dipoles in the paraelectric crystal (light green rectangles). (H) FTIR spectra of ferroelectric and paraelectric P(VDF-TrFE) 50/50 under different electric ﬁelds at 24 and 100 C,
respectively. (Reproduced and adapted with permission from Ref. [77].)
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frequencies and the peak gradually shifts to higher frequencies
with increasing temperature. From the plot of log(peak frequency)
versus 1/T obtained from εr 00 in Fig. 3G (data not shown), an Ea of ca.
0.3 eV is determined for the dipoles, which is similar to the value of
0.57 eV obtained for amorphous dipoles in Fig. 3E. Therefore, the
high-frequency relaxation should be attributed to amorphous
dipoles.
2.2. DHL behavior in P(VDF-TrFE)-based terpolymers
On the basis of the high-temperature PE behavior of P(VDF-
TrFE), we have learned that expanded interchain distance and
nanodomains with reduced spontaneous polarization are critical to
reduce intermolecular friction and speed up dipole ﬂipping in fer-
roelectric crystals. This knowledge is helpful for the design anddevelopment of novel ferroelectric polymers. To further expand the
interchain distance, an even larger comonomer than TrFE needs to
be incorporated into the P(VDF-TrFE) random copolymers. Possible
candidates are vinyl chloride (VC), 1,1-chloroﬂuoroethylene (CFE),
chlorodiﬂuoroethylene (CDFE), chlorotriﬂuoroethylene (CTFE), and
hexaﬂuoropropylene (HFP) [58]. Intriguingly, direct copoly-
merization of VDF with these comonomers most likely will not
result in the formation of repeating-unit isomorphism because of
their large sizes. For example, CTFE repeating units are mostly
excluded from the PVDF crystals in P(VDF-CTFE) and no expansion
of the interchain distance is observed experimentally [27,73].
Therefore, presence of TrFE in PVDF is important for the third
comonomer to be incorporated in the crystal and further expand
the interchain distance.
In this study, we use a P(VDF-TrFE-CFE) 59.2/33.6/7.2 terpol-
ymer as an example to study the ferroelectric behavior after further
Fig. 3. Broadband dielectric spectroscopy results for a uniaxially stretched P(VDF-TrFE) 50/50 ﬁlm (draw ratio ¼ 300%) during (A and B) the ﬁrst and (C and D) the second heating
cycles, respectively. (A and C) and (B and D) show the real ðεr 0Þ and imaginary ðεr 00Þ relative permittivity as a function of temperature at various frequencies. (E) Arrhenius plots (log f
versus 1/T) for amorphous and crystalline dipoles. (F and G) εr 0 and εr 00 as a function of frequency at different temperatures. (H) DSC ﬁrst heating, ﬁrst cooling, and second heating
curves for the uniaxially stretched P(VDF-TrFE) 50/50 ﬁlm.
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%), the low temperature FE phase has been successfully converted
into an RFE phase [60]. A hot-pressed ﬁlm of this terpolymer is
uniaxially stretched in the RFE phase at 10 C to a draw ratio of
400%. Upon mechanical stretching, a certain amount of FE phase is
developed, and this is reﬂected in the ﬁrst heating curve in DSC
(Fig. 4) and the two-dimensional (2D) wide-angle X-ray diffraction
(WAXD) pattern in Fig. 5A. Note that the existence of an FE phase in
ultrathin P(VDF-TrFE-CFE) LangmuireBlodgett (LB) ﬁlms is also
reported previously [81]. From Fig. 4, two TCs are observed with
a weak peak at 27 C and another peak at 49 C. After melt-
recrystallization, only one broad TC is seen at 22 C for the second
heating (Fig. 4). The TC at 49 C can be attributed to the Curie-50 -25 0 25 50 75 100 125 150
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Fig. 4. DSC ﬁrst heating, ﬁrst cooling and second heating curves for a uniaxially
stretched P(VDF-TrFE-CFE) 59.2/33.6/7.2 terpolymer ﬁlm. The stretching is performed
at 10 C and the draw ratio is 400% with a drawing rate of 12 mm/min. The heating and
cooling rates are 10 C/min.transition for the stretch-induced FE phase and the low tempera-
ture TC is attributed to the Curie transition for the RFE phase. Note
that mechanical stretching results in a larger ferroelectric domain
size and thus a slightly higher TC at 27 C for the terpolymer.
Crystal orientations in the uniaxially stretched P(VDF-TrFE-
CFE) terpolymer ﬁlm during the ﬁrst and second heating cycles
are shown in Fig. 5. From the 2D WAXD pattern in Fig. 5A, both
(110/200) reﬂections from the stretch-induced FE and RFE phases
are seen on the equator and the (001)FE and (002)RFE reﬂections
are seen on the meridian. The corresponding one-dimensional
(1D) WAXD proﬁles on both equator and meridian during the
ﬁrst heating cycle are shown in Fig. 5C. At 38 C, the (110/
200)RFE reﬂection is seen at 4.81 A, which is similar to the (110/
200)PE reﬂection (4.86A) of the P(VDF-TrFE) 50/50 [77]. The (110/
200)FE reﬂection appears as a shoulder at 4.57 A. As the temper-
ature increases to 47 C, both (110/200)FE and (001)FE reﬂections
disappear, which corresponds to the DSC results in Fig. 4. The
(110/200)RFE reﬂection continuously shifts to lower q values and
ﬁnally the (110/200)PE d-spacing increases to 4.98A at 90 C. After
the ﬁrst heating cycle, the stretch-induced FE phase disappears
and 1DWAXD proﬁles during the second heating cycle are shown
in Fig. 5D. Upon increasing the temperature, the (110/200)
reﬂection continuously shifts to lower q values, and correspond-
ingly the d-spacing increases from 4.84 A at 38 C to 4.98 A at
90 C. Regardless of the (110/200) d-spacing changes, the (002)
reﬂection remains constant at 27.4 nm1 (d-spacing of 2.29 A). In
contrast with the DSC study, there is no obvious transition for the
(110/200) [and the (002)] reﬂections during the RFE/PE Curie
transition in the second heating cycle (see Fig. S1A in the Sup-
plementary material). We consider that the heating rate of 10 C/
min is so fast that the transition cannot be observable in X-ray
diffraction.
In addition to DSC and WAXD, FTIR is another useful technique
to detect chain conformation changes for semicrystalline polymers.
The FTIR results for the uniaxially stretched P(VDF-TrFE-CFE) ter-
polymer ﬁlm during the ﬁrst and second stepwise heating cycles
are shown in Fig. 6. From the ﬁrst heating cycle (Fig. 6A), the long T
sequence for the stretch-induced FE phase is evidenced by ab-
sorption bands at 507, 848, and 1287 cm1 [82,83]. Note that all
Fig. 5. 2DWAXD patterns of (A) as-stretched and (B) 90 C-annealed uniaxially stretched P(VDF-TrFE-CFE) terpolymer ﬁlms (draw ratio¼ 300%). The bottom panel shows 1DWAXD
proﬁles for the equator and meridian reﬂections during (C) the ﬁrst and (D) the second heating cycles. The heating rate is 10 C/min and each curve is 5 C apart with the last
temperature being 90 C. The inner two weak and diffuse rings belong to the Kapton tapes used to encapsulate the sample.
Fig. 6. FTIR spectra for the uniaxially stretched P(VDF-TrFE-CFE) terpolymer ﬁlm during (A) the ﬁrst and (B) the second heating cycles. The spectra are collected during a stepwise
heating process with steps of 5 C. All curves are overlaid for clarity.
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Fig. 7. (A and C) Real ðεr 0Þ and (B and D) imaginary ðεr 00Þ relative permittivity as a function of temperature under different frequencies for the uniaxially stretched P(VDF-TrFE-CFE)
terpolymer ﬁlm during (A and B) the ﬁrst and (C and D) the second heating cycles. (E and G) εr 0 and (F and H) εr 00 as a function of frequency at different temperatures for the
uniaxially stretched P(VDF-TrFE-CFE) terpolymer ﬁlm during (E and F) the ﬁrst and (G and H) the second stepwise heating cycles.
L. Yang et al. / Polymer 54 (2013) 1709e1728 1715trans conformation can be obtained for the P(VDF-TrFE-CFE) ter-
polymers due to the presence of VDF to relieve the steric hindrance
caused by the large Cl atoms in the CFE units. Upon increasing the
temperature to 45 C, the band at 507 cm1 (the second dashed line
from the right) gradually disappears and a new doublet band at
514/527 cm1 appears, indicating the FE/PE transition. The band
at 848 cm1 decreases its intensity and the band at 1287 cm1
disappears. Meanwhile, another doublet band at 605/614 cm1
becomes more pronounced. Note that the absorption bands at 514/
527 and 605/614 cm1 can be assigned to mixed TG and TTTG
conformations [67]. After cooling from 90 to 40 C (Fig. 6B), the
stretch-induced FE phase disappears, because the bands at 507,
848, and 1287 cm1 become weaker and the bands at 514/527 and
605/614 cm1 become stronger. Intriguingly, two bands at 772 andFig. 8. Bipolar hysteresis loops for the uniaxially stretched P(VDF-TrFE-CFE) terpolymer ﬁ
respectively. The poling frequency is 10 Hz. Bipolar hysteresis loops under different frequenc
ﬁeld (triangular waveform) starts at 25 MV/m with a stepwise increase of 25 MV/m except800 cm1 become much more pronounced, and they are assigned
to the T3G sequence for the g PVDF crystal [84]. Therefore, a short T
sequence (i.e., nanodomains) is resulted for the RFE P(VDF-TrFE-
CFE). This is possibly attributed to the random sequence of CFE
along the chain [i.e., 14 repeating units of VDF/TrFE per CFE unit].
During the second heating cycle (Fig. 6B), although there is no
obvious change for bands at 514/527, 605/616, and 848 cm1 in the
vicinity of the RFE/PE transition at 22 C, the bands at 772 and
800 cm1 clearly decrease their intensities. This indicates the dis-
appearance of nanodomains with a short T3G sequence above the
TC at 22 C.
The dynamic dielectric properties of the uniaxially stretched
P(VDF-TrFE-CFE) terpolymer ﬁlm during the ﬁrst and second
heating cycles are studied by BDS. As shown in Fig. 7, both the glasslm (draw ratio ¼ 300%) at (A) 25 C, (B) 0 C, (C) 25 C, (D) 50 C, and (E) 65 C,
ies at 25 C are also shown: (F) 1000 Hz, (G) 100 Hz, (C) 10 Hz, and (H) 1 Hz. All poling
for those at 1000 Hz.
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seen during heating for εr 0 and εr 00 as a function of temperature.
For example, during the ﬁrst heating cycle, the Tg and TC are
observed at 11 and 39 C (10 Hz), respectively, and they gradually
increase with increasing the frequency (Fig. 7B). During the second
heating cycle (note that the FE phase is eliminated after the ﬁrst
heating to 90 C), the Tg and TC are seen at 17 and 12 C (10 Hz),
respectively, and both values increase with increasing the fre-
quency (Fig. 7D). The high TC at 39 C during the ﬁrst heating is
attributed to the stretch-induced FE phase, whereas the low TC at
12 C during the second heating is attributed to the RFE phase. From
Fig. 7B and D, we can see that the frequency dependence
(Ea ¼ 0.6 eV) of the Tg is stronger than that (Ea ¼ 6.7 eV) for the TC,
indicating again that amorphous dipoles are easier to switch than
crystalline dipoles at low electric ﬁelds. The high-temperature
(>50 C) and low-frequency (<1 kHz) upturns in the εr 00 in Fig. 7B
and D are attributed to the impurity ion relaxation, as revealed by
the frequency scans for the ﬁrst and second heating cycles (Fig. 7Ee
H). In Fig. 7E and G, upturns in the εr 0 are observed at lowFig. 9. Bipolar hysteresis loops for the 70 C-annealed uniaxially stretched P(VDF-TrFE-CFE) t
The poling frequency varies from left to right: (A, E, I, M) 1000 Hz, (B, F, J, N) 100 Hz, (C, G
breakdown and thus no results for 1 Hz bipolar poling are obtained. All poling ﬁeld (trian
1000 Hz.frequencies (<1 Hz) and high temperatures (>50 C). Meanwhile,
in Fig. 7F and H upturns in the εr 00 in the double-log plot show
a slope of ca. 1, clearly indicating the loss from impurity ions
[79,80,85]. At high frequencies, a decrease in the εr 0 and a broad
peak in the εr 00 can be attributed to the relaxation of amorphous
dipoles. At intermediate frequencies, plateaus in the εr 0 are
observed in Fig. 7E and G. For the ﬁrst heating, the maximum value
in the plateau εr 0 is observed for 50 C, whereas during the second
heating it is observed for 25 C. This is because the TC is 49 C for the
stretch-induced FE phase during the ﬁrst heating and the TC is 22 C
for the RFE phase during the second heating.
Ferroelectric behavior of the uniaxially stretched P(VDF-TrFE-
CFE) terpolymer ﬁlm is studied by DeE hysteresis loop tests. Typ-
ical hysteresis loops at different temperatures are shown in
Fig. 8AeE. Below the TC (49 C) of the stretch-induced FE phase,
open loops with a sense of double hysteresis are observedwhen the
poling ﬁeld is above 75 MV/m. At 50 C, the RFE phase has already
transformed into a PE phase and the stretch-induced FE phase
gradually disappears. As a result, slim loops with a weak sense oferpolymer ﬁlm at (AeD) 25 C, (EeG) 0 C, (IeL) 25 C, and (MeO) 50 C, respectively.
, K, O) 10 Hz, and (D, H, L) 1 Hz. Note that at 50 C, the 70 C-annealed ﬁlm is easy to
gular waveform) starts at 25 MV/m with increments of 25 MV/m except for those at
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hysteresis loops for P(VDF-TrFE) at 100 C (see Fig. 1E). When the
temperature increases to 65 C, the center portions of the hysteresis
loops gradually open up with an ellipsoidal shape. This can be
attributed to the enhanced impurity ion loss and electronic con-
duction at elevated temperatures, consistent with the BDS results
in Fig. 7EeF [80,85]. Frequency-dependent hysteresis loops for the
uniaxially stretched P(VDF-TrFE-CFE) at 25 C are shown in Fig. 8C
and FeH. Upon increasing the poling frequency to 1000 Hz, the
maximum D (Dmax) decreases and loops display more double hys-
teresis. However, broad loops are still observed because the sample
contains certain FE phase.
After annealing the uniaxially stretched P(VDF-TrFE-CFE) ter-
polymer ﬁlm at 70 C for 1 h, the stretch-induced FE phase disap-
pears and the sample contains 100% RFE phase. Temperature-
dependent hysteresis loops at various poling frequencies are shown
in Fig. 9. At 25 C, double loops with signiﬁcant hysteresis and
remanent polarization are observed upon decreasing the poling
frequency to below 100 Hz. At 1000 Hz, the crystalline dipoles
cannot follow the electric ﬁeld and less hysteresis is seen. The large
hysteresis can be attributed to the larger domain size in the RFE
phase when the temperature is sufﬁciently low. When increasing
the temperature to 0 and 25 C, the hysteresis in the DeE loops
continuously decreases due to a continuous decrease in the domain
size and an increase in the interchain distance. At 25 C, a signiﬁ-
cant amount of RFE phase should transform into the PE phase.
Therefore, the remanent polarization reduces to nearly zero and
typical DHLs are observed. The double hysteresis should be caused
by the electric ﬁeld-induced (RFE/PE)/FE phase transition upon
poling and the FE/(RFE/PE) phase transition upon removing the
ﬁeld, because the FE phase is observed after mechanical stretching.
Currently, we do not have unambiguous evidence of the FE phase
during the in-situ electric poling process. In the future, we will use
time-resolved polarized FTIR [86] to investigate dipole ﬂipping and
phase transitions in uniaxially stretched P(VDF-TrFE-CFE) terpol-
ymer ﬁlms. At 50 C (above the TC at 22 C), the sample becomes
100% PE phase. As a result, narrow hysteresis loops are observed atFig. 10. Schematic representations of physical (temporary) and chemical (permanent) pinni
and e-beam crosslinked P(VDF-TrFE) copolymers. l1, l2, and l3 are average interchain distance
respectively. The orange-red and blue ovals with arrows in them represent dipolar TrFE and t
inside the crystal.1000 Hz, similar to the DeE loops at 1000 Hz for the P(VDF-TrFE)
ﬁlm in the PE phase (see Fig. 2D). Upon decreasing the frequency,
a sense of double hysteresis is observed at high ﬁelds. This again
can be attributed to some FE domain formation within the PE
matrix at high enough electric poling ﬁelds.
After annealing the uniaxially stretched P(VDF-TrFE-CFE) ﬁlm in
the PE phase at 70 C, the overall crystallinity increases and the ﬁlm
appears to be much more brittle. As a result, the ﬁlm quality de-
creases, resulting in a signiﬁcant reduction in breakdown strength.
Therefore, it is difﬁcult to obtain a full set of DeE loops at 1 Hz
poling frequency at 70 C.
The physical origin for the DHLs observed for P(VDF-TrFE-CFE)
terpolymers is explained in the top panel of Fig. 10. In the ﬁrst
step, pre-expansion of the interchain distance in PVDF crystals by
TrFE via repeating-unit isomorphism is important, namely, l2 > l1
where l1 and l2 are interchain distances in PVDF and P(VDF-TrFE)
crystals, respectively. This ﬁrst step expansion of interchain dis-
tance makes it possible to further incorporate the even larger third
comonomer, such as VC, CFE, CDFE, and CTFE, into the isomorphic
crystalline structure. A good example for this effect is to compare
P(VDF-CTFE) with P(VDF-TrFE-CTFE). For P(VDF-CTFE), the CTFE
repeating units are too large to be effectively incorporated in
a PVDF crystal. As a result, most CTFE units are repelled from the
PVDF crystal and no RFE behavior can be observed in P(VDF-CTFE)
[27,73]. However, CTFE can be effectively incorporated into
a P(VDF-TrFE) crystal, leading to an RFE behavior [58,87]. The
incorporation of the even larger third comonomer further expands
the interchain distance, namely, l3 > l2, where l3 is the interchain
distance of the terpolymer crystal. Note that HFP cannot be effec-
tively incorporated into P(VDF-TrFE) to form the RFE phase because
the HFP unit is too large [88]. Meanwhile, these larger comonomers
can effectively pin the P(VDF-TrFE) chains, if they are randomly
distributed along the chain. For example, in the P(VDF-TrFE-CFE)
59.2/33.6/7.2 terpolymer, on average two neighboring CFE units
can pin about 14 VDF/TrFE repeating units. This pinning will allow
the in-between P(VDF-TrFE) chains to rotate more freely because of
the increased interchain distance. However, these CFE units canng in laterally expanded P(VDF-TrFE) crystals, namely, P(VDF-TrFE)-based terpolymers
s in PVDF, P(VDF-TrFE), and P(VDF-TrFE)-based terpolymers or e-beamed P(VDF-TrFE),
he third comonomer with larger sizes. The green bars represent the chemical crosslinks
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trical ﬁeld becomes high enough, dipoles start to switch because
the CFE unit also has a dipole moment. Consequently, the high
electric ﬁeld will generate FE domains within the RFE matrix.
However, these FE domains should beweaker than those formed by
mechanical stretching because they can transform back to the RFE
phase after a decrease in the poling ﬁeld. We speculate that the
electric ﬁeld-induced FE domains in the terpolymer may be just
large enough so that signiﬁcant hysteresis is observed during
RFE4FE transitions.
2.3. Narrow single hysteresis loop behavior in e-beam irradiated
P(VDF-TrFE) copolymers
From the above discussion, it would be better to permanently
pin P(VDF-TrFE) chains in the crystal in order to avoid hysteresis
during the RFE4FE transitions. One effective way is to chemically
crosslink the P(VDF-TrFE) crystal with an optimized crosslinking
density (see the bottom panel in Fig. 10). Nonetheless, effective
ways to crosslink polymer crystals via chemical reactions have not
yet been possible because polymer crystals, being of greater density
than the amorphous phase, do not allow penetration of cross-
linking agents such as molecular radicals into them. Instead, ion-
izing radiation, such as e-beam [16,89,90], g-ray [91,92], and proton
radiation [23,93e95], have been used to crosslink PVDF and PVDF-
based copolymer crystals. Intriguingly, only P(VDF-TrFE) crystals
are found to be susceptible to ionizing radiation, and in this case the
interchain distance gradually increases with increasing irradiation
dose. PVDF and other PVDF-based copolymer crystals do not show
similar changes in the crystalline phase upon ionizing irradiation
[89,90]. This must be attributed to the special reactivity of TrFE to
ionizing irradiation. For example, upon e-beam irradiation the TrFE
units can transform into >CHeCF3 groups, as evidenced by high-
temperature (170 C) solid-state 19F NMR [96,97], although the
detailed transformation mechanism is still unclear. Note that the
temperature for the solid-state NMR study has to be above the Tm of
P(VDF-TrFE) crystals. Otherwise, the 19F signals inside the crystals
cannot be obtained due to the lowmobility of the crystalline nuclei.
Therefore, it is fairly difﬁcult to determine explicitly what has
happened inside P(VDF-TrFE) crystals after ionizing radiation.
However, we consider that the P(VDF-TrFE) crystals must be
internally crosslinked. These internal chemical crosslinks not only
expand the interchain distance, but also permanently pin the
P(VDF-TrFE) chains in between. As a result, easy dipole rotation,
nanodomains and thus narrow hysteresis loops will be achieved.
In this study, a hot-pressed P(VDF-TrFE) 50/50 ﬁlm (ca. 60e
80 mm) is uniaxially stretched to a draw ratio of 400% at a drawFig. 11. DSC thermograms of the e-beam irradiated uniaxially stretched P(VDF-TrFE) 50/5
40 Mrad, and (C) 60 Mrad. The heating and cooling rates are 10 C/min.rate of 12 mm/min at room temperature. Afterwards, the ﬁlm is
annealed in the PE phase at 100 C for 2 h to achieve a high crys-
tallinity of >85 wt.% (determined by WAXD and DSC), following
previous efforts to achieve single crystal-like P(VDF-TrFE) crystals
[69]. The ﬁnal ﬁlm thickness is about 20e23 mm. The uniaxially
stretchedP(VDF-TrFE) 50/50ﬁlm is then subjected tohigh-energye-
beam irradiation at 70 C for 20, 40, and 60Mrad at a dose rate of ca.
1 Mrad/min. The DSC results for these e-beam irradiated P(VDF-
TrFE) 50/50 samples are shown in Fig. 11. After e-beam irradiation
at 20Mrad (Fig.11A), both TC (47 C,weak and broad) and Tm (143 C,
sharp) decrease as compared to the TC (64 C) and Tm (157 C) for the
pristine P(VDF-TrFE) 50/50 copolymer (see Fig. 3H). The reduced TC
may be attributed to reduced ferroelectric domain size after e-beam
irradiation. However, the reduction inTm (14 C) ismuch larger than
that (4.1 C) for a biaxially oriented PVDF ﬁlm (12 mm thick) that has
been e-beam irradiated at 105 C for 20 Mrad (see Fig. S2 in the
Supplementary material and Ref. [90]). For the biaxially oriented
PVDF ﬁlm, the slight decrease in Tm is attributed to the reduced
lateral crystallite size but not necessarily to the crystalline lamellar
thickness decrease because the lamellar thickness (10e20 nm) is
less susceptible to e-beam irradiation than the lateral size. We
consider that e-beam irradiation causes permanent changes in the
P(VDF-TrFE) crystal, converting the TrFE units into chemical cross-
links. These structural defects substantially decrease the Tm after e-
beam irradiation for P(VDF-TrFE). Upon melt-recrystallization, the
TC for the e-beam irradiated P(VDF-TrFE) 50/50 at 20Mrad becomes
more obvious at 55 C, which is slightly increased as comparedwith
the TC at 47 C for the as-irradiated sample. This can be explained by
an increase in the ferroelectric domain size after exclusion of
crosslinked defects from the crystal through melt-recrystallization.
Meanwhile, the lamellar thickness may decrease due to crosslinks,
and the Tm therefore decreases to 139 C. Upon increasing the ra-
diation dose to 40 and 60 Mrad, respectively, the TC disappears
during the ﬁrst heating (Fig. 11B and C), consistent with previous
results [17,98]. The reason for the disappearance of TC for these
irradiated samples may be attributed to the second-order phase
transition, and this will be discussed later. Meanwhile, the Tmvalues
continuously decrease signiﬁcantly. For example, at 40 Mrad the Tm
is 129 C (a 28 C decrease), and at 60 Mrad the Tm is 116 C (a 41 C
decrease). After melt-recrystallization, obvious but broad Curie
transitions reappear, and the TC values decrease with increasing the
e-beam dose; 45 C for the 40 Mrad dosed sample and 41 C for the
60 Mrad dosed sample.
From previous work on e-beam irradiated P(VDF-TrFE) [16,17], it
is known that the disappearance of TC after e-beam irradiation
above 40 Mrad at 70 C can be attributed to the formation of the
RFE phase. However, the structure of the RFE phase in e-beam0 during the ﬁrst heating, ﬁrst cooling, and second heating cycles: (A) 20 Mrad, (B)
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three e-beam irradiated samples, the 20 Mrad sample still possess
an FE phase, and its electrical property is typically ferroelectric at
room temperature (see Fig. S3 in the Supplementary material).
Meanwhile, we observe that the ferroelectric properties of the 40
and 60Mrad samples are quite similar (see Fig. S4 in the Supporting
material for the ferroelectric properties of the 40 Mrad sample).
Therefore, we use the 60 Mrad sample for investigation by WAXD.
Fig. 12A shows the 2D WAXD pattern for the e-beam irradiated
(60 Mrad) uniaxially stretched P(VDF-TrFE) 50/50 ﬁlm. The sharp
(110/200)RFE reﬂection is seen on the equator and the broad
(002)RFE reﬂection is on the meridian, indicating long-range order
in the lateral direction and disorder along the chain direction
(similar to the arrangement of the rotator phases in oligo-alkanes
and polyethylene at high pressures [99]). The d-spacing of the
(110/200) reﬂection is 4.80 A at 38 C and it continuously in-
creases with increasing temperature (Fig. 12C), whereas the (002)
reﬂection keeps constant at 2.3A.When the temperature is at 123e
128 C, the (110/200) d-spacing increases to 5.0 A. During the ﬁrstFig. 12. 2D WAXD patterns of (A) as-irradiated (60 Mrad) and (B) melt-recrystallized P(VD
uniaxially stretching to a 400% draw ratio followed by annealing at 100 C for 2 h. The bottom
ﬁrst and (D) the second heating cycles. The heating rate is 10 C/min and each curve is 5 C a
the Kapton tape used to encapsulate the sample.heating process, again there is no obvious ﬁrst-order transition
observed in the WAXD proﬁles in Fig. 12C (also see Fig. S1B in the
Supplementary material). After heating to 150 C, the (110/200)
reﬂection on the equator completely disappears, leaving an iso-
tropic amorphous halo centered at 5.3 A. Intriguingly, the (002)
reﬂection on the meridian does not disappear, but transforms into
a weak halo centered at 2.3 A (see Fig. S5 in the Supplementary
material). We consider that the chain orientation in the molten
state does not completely disappear but is somewhat “locked in” by
e-beam crosslinking. This result also indirectly proves that the
P(VDF-TrFE) crystals are crosslinked by e-beam irradiation. The
weak halo at 2.3 A should represent the average spacing along the
“frozen” chain direction with random T and G conformations. After
melt-recrystallization, the 2D WAXD pattern is shown in Fig. 12B.
The overall crystallinity (determined by DSC) for the recrystallized
sample substantially decreases to 38 wt.% due to the crosslinking,
as compared to 60 wt.% for the as-irradiated sample. The d-spacing
of the (110/200)RFE decreases to 4.73 A at 38 C. Meanwhile,
crystal orientation is largely preserved due to the “frozen” orientedF-TrFE) 50/50 ﬁlm irradiated at 60 Mrad. Before irradiation, the ﬁlm was obtained by
panel shows 1DWAXD proﬁles for the equator and meridian reﬂections during (C) the
part with the last temperature being 150 C. The inner two weak/diffuse rings belong to
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melting of the crystals is observed above 130 C, where the (110/
200) reﬂection at 4.96 A disappears on the equator and the (002)
reﬂection on the meridian transforms into a weak halo at 2.3 A.
Again, no obvious ﬁrst-order transition is observed from theWAXD
proﬁles in Fig.12D (see Fig. S1B in the Supplementarymaterial). We
conclude that WAXD is not sensitive enough to detect details of
crystal structure and chain conformation in the RFE phase.
We then utilize FTIR to study the chain conformation in the RFE
phase of the e-beam irradiated (60 Mrad) uniaxially stretched
P(VDF-TrFE) 50/50 ﬁlm, and the results are shown in Fig. 13 for the
ﬁrst and second heating cycles. At 40 C in the ﬁrst heating cycle
(Fig. 13A), the absorption bands for long T sequences are seen at
475, 510, and 848 cm1, and the bands for short T and TG sequences
are observed at 526 and 615 cm1, respectively. The coexistence of
both long and short T sequences indicates that the RFE phase has
a disordered crystalline structure. However, the peak intensity of
the 510 cm1 band is stronger than that of the 615 cm1 band,
indicating that the ferroelectricity dominates in the sample
at 40 C. Upon increasing temperature, the bands at 475, 510, and
848 cm1 for the long T sequence gradually decrease in intensity,
whereas the band at 526 cm1 for the short T sequence gradually
grows in intensity. Above 50e60 C, the band at 526 cm1 becomes
stronger than that at 510 cm1. Finally, at 120 C all the crystals
melt; however, there are no noticeable changes in the FTIR spec-
trum as compared to the spectra just before crystal melting. This
occurs because before melting, the crystals are so defective that the
chains have already predominantly adopted the TG conformation,
which is not much different from that in the melt. After melt-
recrystallization and cooling to 40 C (Fig. 13B), the long T
sequence band at 510 cm1 becomes much sharper and the short T
sequence band at 526 cm1 becomes weak. This is consistent with
the DSC results that more ferroelectricity is developed with the TC
at 41 C after melt-recrystallization for the irradiated sample (see
Fig. 11C). Upon increasing the temperature to 45 C, the short T
sequence band at 526 cm1 starts to grow, corresponding well to
theweak Curie transition at 41 C in DSC (Fig.11C). Finally, at 120 C
all the crystals melt, but no signiﬁcant change in the FTIR spectra is
seen before and after the crystal melting. From these FTIR results,
we see that all changes are quite subtle because the RFE phase
already contains a disordered crystal structure with a signiﬁcant
amount of short T and TG sequences. Melt-recrystallization will
largely expel the structural defects such as crosslinks from the
crystals, resulting in a signiﬁcant decrease in the overall crystal-
linity and enhanced ferroelectricity (possibly due to enlarged fer-
roelectric domains). Comparing the e-beam irradiated (60 Mrad)Fig. 13. FTIR spectra for the e-beam irradiated (60 Mrad) uniaxially stretched P(VDF-TrFE) 5
10 min) cycles. The spectra are collected during a stepwise heating process from 40 to 12P(VDF-TrFE) 50/50 copolymer with the P(VDF-TrFE-CTE) 59.2/33.6/
7.2 terpolymer, we see no bands for the T3 sequence at 772 and
800 cm1. We speculate that the molar content of the structural
defects (crosslinks) may be lower than that (7.2 mol%) of CFE in the
terpolymer. As a result, long T sequences rather than the T3
sequence are adopted for the e-beam irradiated P(VDF-TrFE).
Nonetheless, this needs further investigation.
The dynamic dielectric behavior of the e-beam irradiated
(40 Mrad) uniaxially stretched P(VDF-TrFE) 50/50 ﬁlm during the
ﬁrst and second heating cycles are studied by BDS. Note that the
uniaxially stretched ﬁlm with 40 Mrad irradiation exhibits similar
ferroelectric properties to the ﬁlm with 60 Mrad irradiation.
Therefore, we use the 40 Mrad ﬁlm as an example here. As shown
in Fig. 14, both the glass transition and Curie transition for the
amorphous and crystalline dipoles are seen during heating for
εr
0 and εr 00 as a function of temperature. For example, during the
ﬁrst heating cycle, the Tg and TC are observed at 10 and 31 C
(1 Hz) in the εr 00 plot, and they gradually increase with increasing
frequency (Fig. 14B). During the second heating cycle after melt-
recrystallization, the Tg and TC are seen at 20 and 40 C (1 Hz)
in the εr 00 plot, and both values increase with increasing frequency
(Fig. 14D). Before melt-recrystallization, the RFE/PE Curie tran-
sitions under various frequencies appear to be broad in the εr 0
plot (Fig. 14A) and weak in the εr 00 plot (Fig. 14B) for the as-
irradiated ﬁlm. After melt-recrystallization, the FE/PE Curie
transitions become sharper in the εr 0 plot (Fig. 14C) and much
more pronounced in the εr 00 plot (Fig. 14D). Similar results have
been reported in the literature [100,101]. This clearly indicates
that certain ferroelectricity is regained for the melt-recrystallized
ﬁlm due to the exclusion of structural defects (mostly likely
chemical crosslinks) outside the P(VDF-TrFE) crystals. The high-
temperature (>50 C) and low-frequency (<1 kHz) upturns in
the εr 00 in Fig. 14B and D again are attributed to the impurity ion
relaxation, as revealed by the frequency scans for the ﬁrst and
second heating cycles (Fig. 14EeH). In Fig. 14E and G, upturns in
the εr 0 are observed at low frequencies (<1 Hz) and high tem-
peratures (>75 C). Meanwhile, in Fig. 14F and H upturns in the
εr
00 in the double-log plot show a slope of ca. 1, clearly indicating
the migrational loss from impurity ions [80,85]. At high fre-
quencies, a decrease in εr 0 and a broad peak in εr 00 can be
attributed to the relaxation of amorphous dipole. At intermediate
frequencies, plateaus in εr 0 are observed in Fig. 14E and G. For
both the ﬁrst and second heating cycles, the maximum plateau εr 0
values are observed at 50 C, because the TCs are fairly close
(around 31e40 C) for the as-irradiated and melt-crystallized
ﬁlms.0/50 ﬁlm during (A) the ﬁrst and (B) the second heating (after annealing at 115 C for
0 C with each curve 5 C apart. All curves are overlaid for clarity.
Fig. 14. (A and C) Real ðεr 0Þ and (B and D) imaginary ðεr 00Þ relative permittivity as a function of temperature under different frequencies for the e-beam irradiated (40 Mrad)
uniaxially stretched P(VDF-TrFE) 50/50 ﬁlm during (A and B) the ﬁrst and (C and D) the second heating (i.e., after melt-recrystallization) cycles. (E and G) εr 0 and (F and H) εr 00 as
a function of frequency at different temperatures for the e-beam irradiated (40 Mrad) uniaxially stretched P(VDF-TrFE) 50/50 ﬁlm during (E and F) the ﬁrst and (G and H) the second
stepwise heating (i.e., after melt-recrystallization) cycles.
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are studied by DeE loop measurements, and the results are shown
in Fig. 15. At 25 C, the DeE loops are relatively open, and this can
be attributed to the slightly increased domain size at such a low
temperature. On increasing temperature, the hysteresis in DeE
loops gradually decreases and the most narrow hysteresis loops
are observed at 25 C.When the temperature increases to 50 C, the
DeE loops start to open up again, especially at 1 Hz. Finally, the
hysteresis loops substantially open up for 1 Hz at 75 C. The opened
loops at high temperatures and low frequencies can be attributed to
enhanced ion migrational loss and/or dc conduction in the sample
[80,85]. For all these temperatures, the Dmax slightly increases with
decreasing poling frequency; however, the loop shape does not
change much except for 1 Hz at 75 C.
This temperature-dependent RFE behavior can be explained
using the schematic representation in the bottom panel of Fig. 10.
We hypothesize that the inclusion of TrFE is critical for e-beam
induced crosslinking inside the crystals, because PVDF and its
other copolymers do not show the RFE behavior even after e-beam
irradiation. After high-energy e-beam irradiation, the crystal is
internally crosslinked and this is important for the appearance of
the RFE behavior. When the crosslinking density is low (e.g.,
20 Mrad at 70 C), the sample is still ferroelectric with a decreased
TC (see Fig. 11A). When the crosslinking density increases to
a critical value (e.g., with 40 and 60 Mrad irradiation at 70 C), the
true RFE behavior can be achieved without any observation of TC
(see DSC curves during the ﬁrst heating in Fig. 11B and C). We
consider that the Curie transition has become a second-order
transition. The crosslinking of both amorphous and crystalline
phases has prevented detailed structural analyses of what has
happened in the crystal. However, the crosslinks inside the crystal
permanently pin P(VDF-TrFE) chains with suitable segmental
lengths, resulting in nanodomains (see the bottom panel of
Fig. 10). Therefore, the pinned P(VDF-TrFE) chains in between
behave like torsional springs and the conventional ferroelectric-
to-paraelectric Curie transition is effectively prohibited. Mean-
while, the interchain distance is also enlarged, as evidenced by the
WAXD study in Fig. 12. On applying an external electric ﬁeld, thedipoles in the pinned P(VDF-TrFE) chains can rotate more freely.
Due to the tendency of permanent pinning and enlarged inter-
chain distance to reduce the dipoleedipole interaction, the fer-
roelectric domains must be small in both directions perpendicular
and parallel to the chains. It is these nanodomains with easy
rotating main-chain dipoles that result in a true RFE behavior (i.e.,
narrow single hysteresis loops) in e-beam irradiated P(VDF-TrFE).
Due to the lack of effective experimental methods to determine
the size and shape of ferroelectric domains at the nanoscale, we
resort to computer simulation to “visualize” these nanodomains
later. Finally, when the crosslinking density is too high in the
crystal, P(VDF-TrFE) chains will be permanently locked in and the
dipole switching will be lost as observed in previous reports
[16,17]. Although the chemical pinning effectively eliminated the
TC in the sample, the size of these nanodomains may still be
temperature-dependent. At low temperatures (e.g., 25 C), the
nanodomains appear larger and thus the DeE loops become broad
(see Fig. 15AeD). As the size of nanodomains gradually decreases,
narrow hysteresis loops are observed (e.g., at 0e50 C). On further
increasing the temperature, the mobility of P(VDF-TrFE) chains
becomes so high that both impurity ion loss and dc conduction
signiﬁcantly increase, as discussed above. As a result, the DeE
loops will eventually broaden at high temperatures and low
frequencies.
Aftermelt-recrystallizationof the e-beam irradiated P(VDF-TrFE)
ﬁlms, structural defects (i.e., the pinning points) will be largely
excluded from the crystals. As a result, certain ferroelectricity is
restored, as proven by the reappearance of TC during the second
heating cycles in DSC (see Fig. 11B and C). The reappearance of
ferroelectricity after melt-recrystallization results in broader DeE
hysteresis loops, as shown in Fig. 16 [101]. Before melt-recry-
stallization, typical RFE behavior is observed for the e-beam irradi-
ated uniaxially stretched P(VDF-TrFE) 65/35 ﬁlms with different
doses; 60, 85, and 100Mrad (1.2 MeV e-beam irradiation at 100 C).
After melt-recrystallization, the DeE loops broaden with an
increased Dmax. The lower Dmax for the e-beam irradiated P(VDF-
TrFE) ﬁlms suggests fewer polarizable VDF/TrFE dipoles and thus
smaller domains due to the chemical pinning (or crosslinks) inside
the crystals.
Fig. 15. Bipolarhysteresis loops for the e-beamirradiated (60Mrad)uniaxiallystretchedP(VDF-TrFE)50/50ﬁlm (drawratio¼400%) atdifferent temperatures: (AeD)25 C, (EeH)0 C,
(IeL) 25 C, (MeP) 50 C, and (QeT) 75 C. The poling frequencies decrease from left to right: (A, E, I, M, Q) 1000 Hz, (B, F, J, N, R) 100 Hz, (C, G, K, O, S) 10 Hz, and (D, H, L, P, T) 1 Hz,
respectively. All poling ﬁeld (a triangular waveform) starts at 25 MV/mwith step increments of 25 MV/m except those at 1000 Hz.
L. Yang et al. / Polymer 54 (2013) 1709e172817222.4. Computer simulation of nanodomains in pinned PVDF chains
As we mentioned above, it is not possible to visualize ferro-
electric domains, especially nanodomains, using current exper-
imental techniques. To understand the nature of nanodomains and
their relationship to RFE behavior, we have performed fully atom-
istic simulations of pinned zig-zag PVDF chains in a crystal with
enlarged lateral unit cell dimensions (i.e., ax and by). In this mo-
lecular dynamics simulation, all the two-body, three-body, and
four-body interaction constants depend on the type of atomsinvolved in the interaction. These parameters, as well as the van der
Waals interaction parameters and the atomic partial charges, are
taken from the force-ﬁeld developed for PVDF polymers [102]. The
long-range electrostatic interactions between charged particles are
handled using the standard Lekner summation algorithm [103].
The initial conﬁguration is a zero-temperature crystal with all trans
chains running parallel to each other along the z-axis (Fig. 17A).
Note that the unit cell c-axis is along the chain direction or the z-
axis. Each chain contains 30 e(CH2CF2)e repeating units. There are
in total 144 such chains, corresponding to 72 PVDF ab-cells in the xy
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Fig. 16. Bipolar hysteresis loops for e-beam irradiated uniaxially stretched P(VDF-TrFE) 65/35 ﬁlms before (blue) and after (red) melt-recrystallization: (A) 60 Mrad, (B) 85 Mrad, and
(C) 100 Mrad. The poling frequency is 10 Hz with a triangular waveform. (Reproduced and adapted with permission from Ref. [101]. Copyright 2005 American Institute of Physics.)
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surfaces of two parallel walls separated by a distance, D ¼ 30cz. On
the surface of the left wall placed at z ¼ 0 nm, all the ﬁxed CH2
groups are oriented in such a way that their H atoms point in the
negative direction of the x-axis. Correspondingly, the F atoms of the
ﬁxed CF2 groups on the surface of the right wall, placed at z ¼ D,
point along the positive direction of the x-axis. Such a ﬁrm ﬁxing of
both chain ends mimics the chemical crosslinks in the e-beam
irradiated P(VDF-TrFE) crystal and prevents their rotation around
the z-axis near the walls. During the initial stage of the simulation,
the system is gradually raised from zero to room temperature in 6
consecutive runs at increments of 50 K. In each run the system is
equilibrated for 20 ps. Once the system temperature reaches 300 K,
simulation data, such as the positions of atoms, their velocities, andFig. 17. Simulation results for the time evolution of a layered domain morphology in a PVD
The unit cell of the PVDF crystal is enlarged about four times in both x and y directions to ax ¼
10, 50, 100, 200, and 250 ps. The domains with dipoles in the upward direction are show
corresponds to the dipole amplitude of 0 D whereas red color corresponds to 2.1 D. Empty re
(KeO) show domain structures for the middle layer at a simulation time of 300 ps. Succe
simulation boxes have dimensions of 21.0  24.0  7.68 nm3.the forces acting on them, are stored at time intervals of 1 ps for
processing later.
Although the lattice constants of the pure b-phase unit cell are
ax ¼ 0.85 nm, by ¼ 0.491 nm, and cz ¼ 0.256 nm, other values with
enlarged by, but with a ﬁxed by/ax ratio are also considered in our
simulations. We ﬁnd that increasing the separation distance be-
tween chains, while keeping the geometry of the crystal intact,
strongly affects the average dipole moment of the sample and re-
duces the strength of Coulomb correlations between aligned di-
poles. When the separation distance becomes greater than the
range of the van derWaals interaction, the chains no longer feel the
steric hindrance of their neighbors. As a consequence, the dipoles in
each chain can respond more readily to temperature ﬂuctuations.
Our simulation results (not shown here) indicate that at smallerF crystal with all trans chains along the z-axis sandwiched between two parallel walls.
3.5 nm and by ¼ 2.0 nm. (AeJ) show the morphology at simulation times of 1, 2, 3, 4, 5,
n in colors from blue to red, corresponding to different dipole amplitudes. Blue color
gions represent the domains with their dipole moments down (or negative amplitude).
ssive images show dipole strength varying from 0 to 2 D with 0.5 D increments. All
L. Yang et al. / Polymer 54 (2013) 1709e17281724separations, i.e., by < 1 nm, the average dipole moment of a system
having chains with 100 repeating units decreases only slightly from
its zero-temperature value of 2.1 D to 1.8 D. At larger separations,
the average dipole moment drops sharply, and the uniform dipole
orientation found in the b-form unit cell is absent in regions far
away from both walls.
In a preliminary simulation, we set by at 0.6, 1.2, and 2.0 nm,
respectively, while keeping the ratio of by/ax ﬁxed as in the b-form.
For by ¼ 0.6 nm, no dipole rotation is observed for simulation times
up to 500 ps. For by ¼ 1.2 nm, strong chain aggregation leads to
a non-uniform density distribution in space. When by ¼ 2 nm, no
chain aggregation is observed and a unique nanodomain structure
evolves from a single well-aligned domain (see Fig. 17AeJ). Within
10 ps, tiny domains with different dipole orientations start to
appear and continue to grow in size with increasing time. Beyond
50 ps, it is found that an isolated middle section of the simulated
system keeps the dipole moment oriented upward, while the re-
gions between the walls and the middle section change their
dipolar orientation from the upward direction to the downward
direction. Up to 300 ps, the nanodomain morphology with four
layers (note that the left and right layers at the wall are considered
as one full layer) seems to become stable. We consider that the
layered domain structure must be dictated by the two conﬁning
walls. Each nanodomain layer has a length of about 7e8 repeating
units. The lateral dimension of these layered nanodomains is por-
trayed in Fig. 17KeO by showing the dipole amplitudes in the
middle, upward-oriented region at a simulation time of 300 ps.
Upon increasing the threshold amplitude of the displayed dipole
moment from 0 to 2 D in 0.5 D increments, the lateral dimension of
the nanodomains gradually decrease from bicontinuous to more
isolated. If we use an amplitude of 1.5 D (Fig. 17N) for the domain
size analysis, the average lateral dimension is about 2e4 unit cells.
It is noticed that the chain separation distances employed in the
simulation are set at unrealistically large in order to achieve the
development of nanodomains. The necessity to consider such ex-
tremes arises from the limitations encountered in performing fully
atomistic simulations. With simulated times of even 500 ps,
insufﬁcient molecular realignment would be observed at smaller
separations. Consequently, we are obliged to compensate by
speeding up the relaxation processes artiﬁcially. If unlimited com-
puter time were available, one might expect to see, in systems with
only a 12% expansion of the interchain distance, the type of
behavior we ﬁnd at a 400% increase in separation. We are currentlyFig. 18. Schematic illustrations of (A) an electrically polarized ferroelectric PVDF crystal (
ferroelectric P(VDF-TrFE) crystal by a thin layer of polystyrene (PS, in green color) under a po
the dipole moment or the external electric ﬁeld E0. Both polarization and depolarization ﬁe
2011 American Chemical Society.)exploring other avenues by which the simulation may be accel-
erated in order to obtain more realistic results.3. Effect of crystaleamorphous interaction on novel
ferroelectric behaviors (the nanoconﬁnement effect)
As mentioned above, most ferroelectric polymers are semi-
crystalline (we have not focused on ferroelectric liquid crystal
polymers [104] in this article). In addition to the more important
effect of the internal crystal structure, the interactions that occur at
the interface between the crystalline and amorphous regions can
also affect the ferroelectric properties of polymers. We call this the
nanoconﬁnement effect. In a recent perspective article [13], we
have already discussed this nanoconﬁnement effect and here we
will brieﬂy review our conclusions.
In a simple case, a semicrystalline ferroelectric polymer can be
represented by the serial capacitor model shown in Fig. 18A. In this
model, a ferroelectric polymer (e.g., PVDF) crystal is sandwiched
between two amorphous layers, which are in direct contact with
two metal electrodes. The chain direction is perpendicular to the
external ﬁeld. Upon application of an external electric ﬁeld (E0)
above the coercive ﬁeld (Ec), dipoles in the ferroelectric PVDF
crystal will align along the ﬁeld direction, creating a local depola-
rization ﬁeld (Edepol) in the crystal, as shown in Fig. 18A [105,106]:
Edepol ¼
Pin
ε0
(1)
where Pin is the polarization inside the ferroelectric crystal due to
the electrically aligned dipoles. Meanwhile, a compensation po-
larization (Pcomp) in the amorphous PVDF at the crystale
amorphous interface will form outside the ferroelectric crystal.
Note that Pin may not equal Pcomp, especially during a dynamic
poling process. Based on the serial capacitor model in Fig. 18A, the
local polarization ﬁeld for the ferroelectric crystal is imposed from
the charges on the electrodes and can be deﬁned as [105,106]:
Epol ¼
D
ε0
¼ Q þ Pcomp
ε0
(2)
where Q is the charge density in a vacuum capacitor, i.e., Q ¼ ε0E0.
Dipole switching depends on the local electric ﬁeld in the crystal
(EL,cryst), which has at least three sources of contribution; i) Epolblue rectangles) sandwiched between two amorphous layers and (B) a nanoconﬁned
ling electric ﬁeld. The folded chain direction in the lamellar crystals is perpendicular to
lds are shown in the schemes. (Reproduced with permission from Ref. [72]. Copyright
L. Yang et al. / Polymer 54 (2013) 1709e1728 1725(positive) ii) Edepol (negative) and iii) other contributions from di-
poles nearby [105,107]. Note that there should not be contribution
from both amorphous layers to the local ﬁeld inside the crystal. If
we consider that contribution from nearby dipoles in the crystal
can cancel out [105,107], we may assume that the contribution (iii)
can be neglected. Then, the local electric ﬁeld largely depends on
the competition between Epol (orQþ Pcomp) and Edepol (or Pin). Upon
a forward poling (to the positive direction), Q þ Pcomp is larger than
Pin and thus Epol will be higher than Edepol. Crystalline dipoles will
be polarized along the external electric ﬁeld direction. Upon
reverse poling (to the negative direction), two scenarios can take
place. First, if Q þ Pcomp is larger than Pin as both Edepol and Epol
decrease with the external ﬁeld, the Epol will be higher than the
Edepol and the normal ferroelectric behavior with a single poling
process will be resulted. Second, if Pin is higher than Qþ Pcomp, then
Edepol will be greater than Epol at a certain point. As a result, fully
aligned dipoles/domains will become less stable than they are in
a situation where part of mobile (or reversible) dipoles/domains
reverts to the opposite direction, resulting in a minimum (or even
net zero) remanent polarization. Therefore, the DHL behavior with
a two-step poling process will be obtained [38,72]. Finally, in
a recent report we observe that there are a certain amount of
reversible dipoles/domains in P(VDF-HFP) (and also PVDF), in
addition to irreversible ones [108]. These reversible (or mobile)
dipoles/domains can relax (i.e., randomize) within a few ms upon
removing the poling electric ﬁeld. As a result, the same discharged
energy density will be obtained regardless of how fast the sample is
charged and discharged up to 1000 Hz. From the above discussion
of the internal crystal structure effect, we consider that even in
close-packed PVDF and its copolymer crystals, a certain number of
nanodomains may still exist depending on the crystallite size and
poling condition. These nanodomains should be fairly mobile or
reversible because of small spontaneous polarization. If the amount
of these reversible nanodomains is high enough (e.g., close to 50%),
a minimum remanent polarization will be achieved around E ¼ 0,
resulting in a two-step poling process or the DHL behavior.
On the basis of the above discussion, the DHL behavior can be
achieved by either increasing the Pin or decreasing the Pcomp, or
a combination of both. Generally speaking, it is relatively difﬁcult toFig. 19. (Top) Synthesis of P(VDF-TrFE-CTFE)-g-PS graft copolymer from the P(VDF-TrFE-CTF
(A) and (B) Bipolar DeE hysteresis loops for uniaxially stretched P(VDF-TrFE) 93/7 and P(VD
The DeE loop for the graft copolymer at a poling ﬁeld of 150 MV/m. Two-step poling proces
permission from Ref. [72]. Copyright 2011 American Chemical Society.)increase the Pin, because the dipole moment per repeating unit is
ﬁxed by the covalent bonds. On the contrary, reducing the Pcomp is
easier and can be effectively used to obtain the DHL behavior. For
example, the average dipole moment per repeating unit for the
amorphous P(VDF-TrFE) is lower than that for the amorphous
PVDF. The Pcomp for P(VDF-TrFE) therefore should be lower than
that for PVDF. This explains why the DHL behavior is often observed
for P(VDF-TrFE) (especially with relatively high TrFE contents)
rather than PVDF at certain poling electric ﬁelds [5,109e115].
Nonetheless, the DHL behavior in P(VDF-TrFE) is not stable. After
repeated electric poling (e.g., 5e10 times), the double hysteresis
eventually disappears and is replaced by the single normal ferro-
electric loop [111,113]. This can be explained by the growth of
nanodomains into large domains and thus an increase in Pcomp
upon repeated electric poling in P(VDF-TrFE) samples.
To achieve stable DHLs, we propose to conﬁne PVDF or P(VDF-
TrFE) crystals with a thin layer of low polarizability polymer such
as polystyrene (PS) to purposely reduce Pcomp and limit domain
growth upon repeated poling (see Fig. 19B) [13,72]. In detail, PS side
chains are grafted from a P(VDF-TrFE-CTFE) 88.2/7.7/3.5 terpolymer
using atom transfer radical polymerization (ATRP) [116], following
an established method in literature (see the top panel of Fig. 19)
[117]. The last step dechlorination by n-Bu3SnH is conducted to
avoid crosslinking of the graft copolymer under further thermal
treatments. The PS content is determined to be 14 wt.%, corre-
sponding to 3.2 styrene repeating units per PS graft and each main-
chain contains 47 PS side chain. A P(VDF-TrFE) 93/7 (mol/mol)
copolymer is used as a control to comparewith the graft copolymer.
P(VDF-TrFE) 93/7 and P(VDF-TrFE-CTFE)-g-PS(14%) ﬁlms are
obtained by hot-pressing at 240 C followed by uniaxial stretching
at 110 C. The 2D XRD patterns in the insets of Fig. 19A and B
indicate that the chains in the P(VDF-TrFE) crystals are parallel to
the stretching direction. Bipolar DeE hysteresis loops for P(VDF-
TrFE) 93/7 and P(VDF-TrFE-CTFE)-g-PS(14%) are shown in Fig. 19A
and B, respectively, and a clear difference is seen. For P(VDF-TrFE)
93/7, DHLs are seen at the poling ﬁeld below 200 MV/m, above
which only normal ferroelectric loops are seen. Note that these low
ﬁeld DHLs are unstable and will disappear after repeated poling as
we mentioned above. For P(VDF-TrFE-CTFE)-g-PS(14%), DHLs areE) terpolymers using atom transfer radical polymerization followed by dechlorination.
F-TrFE-CTFE)-g-PS(14%) ﬁlms. Corresponding 2D XRD patterns are shown as insets. (C)
ses are shown to explain the competition between the Edepol and Epol. (Reprinted with
L. Yang et al. / Polymer 54 (2013) 1709e17281726seen at the poling ﬁeld up to 400 MV/m. These DHLs are stable and
can survive hundreds of poling cycles (data not shown).
The observed DHL behavior in P(VDF-TrFE-CTFE)-g-PS (14%)
can be explained using the model in Figs. 18B and 19C. After the
crystallization-induced microphase separation, a low polarizability
PS-rich interfacial layer conﬁnes (or insulates) the ferroelectric
P(VDF-TrFE) crystal. As a result, the Pcomp in P(VDF-TrFE-CTFE)-g-
PS(14%) greatly decreases, as compared with that in P(VDF-TrFE)
(nearly 40% at 400 MV/m). A typical DHL with the remanent
electric displacement, Drem w 0, at a poling ﬁeld of 150 MV/m is
shown in Fig. 19C. Two steps during the reverse poling process are
observed. During the ﬁrst step, Q þ Pcomp < Pin and thus
Epol < Edepol. The reversible dipoles/domains will revert back to the
opposite direction, resulting in nearly zero net dipole moment.
During the second step, Q þ Pcomp > Pin and thus Epol > Edepol. The
dipoles/domains will be aligned along the reverse ﬁeld direction.
Due to the nanoconﬁnement effect, no growth of reversible
nanodomains is allowed. Therefore, the DHL behavior becomes
stable.
4. Concluding remarks and outlook
Ferroelectrics and dielectrics represent two extremes of elec-
trical properties for insulating materials. By gradually decreasing
the nonlinearity, novel ferroelectric behaviors such as narrow sin-
gle (or the RFE) and DHL behaviors can be achieved. The key is to
introduce one or more permanent dipoles in a small ferroelectric
domain (or nanodomain) with enhanced dipole reversibility, sur-
rounded by a weakly interacting matrix. In other words, nano-
domains can decrease the spontaneous (or remanent) polarization,
and then enhanced dipolar reversibility can reduce polarization
hysteresis.
From the above studies of P(VDF-TrFE)-based terpolymers and
e-beam irradiated copolymers, we learn that these novel ferro-
electric properties can be successfully achieved via careful tailoring
of both the crystal internal structure and the crystaleamorphous
interaction (the nanoconﬁnement effect) in semicrystalline poly-
mers (note that dipolar glass and liquid crystal polymers are not
considered in this feature article). In general, the effect of crystal
internal structure is more important than the nanoconﬁnement
effect, and can be effectively achieved by repeating-unit iso-
morphism and by pinning inside the crystal. The effect of
repeating-unit isomorphism is to increase the interchain distance
for dipole ﬂipping with reduced friction in the crystal, whereas
pinning will limit the domain size and provide the pinning force for
fast dipole reversal. Pinning can be either physical (i.e., temporary)
or chemical (i.e., permanent). For physical pinning, the RFE phase is
stable at low electric ﬁelds and will transform into an FE phase at
high electric ﬁelds. Reversible RFE4FE phase transitions as
a function of electric ﬁeld result in a DHL behavior. This is exactly
what is observed for P(VDF-TrFE)-based terpolymers. For chemical
pinning, the isomorphic crystal needs to be crosslinked in the solid-
state (or in-situ) to achieve the permanent pinning force for
reversible dipole switching. Nonetheless, in-situ crosslinking of
ferroelectric polymer crystals has been difﬁcult to achieve except
by the use of ionization radiations such as high-energy e-beam, g-
ray, and proton irradiations. Once the material is properly cross-
linked with an appropriate length in between neighboring cross-
linking points, nanodomain and dipole reversibility (i.e., the RFE
behavior) can be obtained. This is observed for e-beam irradiated
P(VDF-TrFE) crystals. The nanoconﬁnement effect, in general, is less
important for novel ferroelectric behaviors in semicrystalline fer-
roelectric polymers. Nonetheless, by manipulation of the crystale
amorphous interface to reduce the Pcomp, a two-step dipole rever-
sal (i.e., DHL) behavior is observed due to a stronger Edepol than Epol.This has been seen in a P(VDF-TrFE-CTFE)-g-PS(14%) graft
copolymer.
What we have learned in this work will stimulate several new
research directions. First, the consequences of nanodomain and
pinning should be applicable to other ferroelectric polymers, such
as odd-numbered nylons, polyurethanes, and polyureas. The key is
to achieve repeating-unit isomorphism and pinning of the ferro-
electric crystal. Second, other in-situ crystal crosslinking mecha-
nisms, which will not involve ionizing radiation, should be pursued.
For example, UV-induced topochemical polymerization has been
used to achieve solid-state crosslinking of diacetylene crystals
[118,119]. If this concept can be employed for ferroelectric polymer
crystals, UV-crosslinking will be much more appealing for practical
applications. Third, a combination of both crystal internal structure
and nanoconﬁnement effects will be able to produce double loops
with minimum hysteresis. This is more desirable for high-energy
density/low-loss electric energy storage [13]. All these opportu-
nities make ferroelectric polymers attractive for new and better
applications.
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